Adutt T-cell leukemia (ATL) is a human T-cell leukemia virus type I (HTLV-l)-infected lymphoproliferative disorder that shows a characteristic nodular infiltration into various tissues, hypercalcemia, and subsequent rapid increase of peripheral ATL cell number. ATL cells and HTLV-l-infected T-cell lines also make cluster formation rapidly after the nonstimulative culture. However, the mechanism of the acute proliferation of ATL cells remains t o be understood. We report the following novel features of homotypic adhesion via leukocyte function-associated antigen-l (LFA-1)lintracellular adhesion molecule-l (ICAM-1) pathway that suggest a role for it in cytokine production and rapid proliieration of ATL cells: (1) ATL cells show clustering in a calcium dependent manner, even at the higher concentration; (2) ATL cells consistently and highly express ICAM-1 and an active form of LFA-1, whereas integrin expression, except for LFA-1, is rather lower compared with that of normal CD4+ T cells; (3) DULT T-CELL LEUKEMIA (ATL)' is a peripheral mature CD4+ T-cell malignancy etiologically associated with human T-cell leukemia virus type I (HTLV-I).' The acute and critical increase in the number of peripheral white blood cells (ATL cells), the abrupt swelling of multiple lymph nodes, and the rapid infiltration of ATL cells into several tissues such as the skin, gut, bone marrow, and lung cause serious prognosis and often result in death in the acute type of ATL."5 However, the mechanism of the acute increase of ATL cells remains to be understood. ATL cells produce multiple cytokines, including interleukin-1 (IL-1),6-8 IL-6,9.'' tumor necrosis factor-a (TNF-a)," transforming growth factor-P," and parathyroid hormone-related protein (PTHrP)," which are encoded by the HTLV-I p40 in response to these cytokine~.~ Although are also proliferative factors, they are rarely produced by ATL cells per se. This finding suggests that the involvement of cytokines in the proliferation of ATL cells is not a major one. The complication of hypercalcemia is also frequently experienced in ATL patients. We have previously reported that ATL cells proliferate and produce IL-l in a calcium-dependent manner in v i t r~. '~-~' PTHrP, which has a strong bone-resorbing activity, as well as PTH and IL-1, are involved in a main role in inducing hypercalcemia in tend to show characteristic nodular infiltration rather than diffuse infiltration.Z3324 Furthermore, the homotypic cell adhesion (aggregation) of ATL cells and HTLV-I-positive Tcell lines is rapidly induced after the cells were cultured in vitro without any stimulants. The spontaneous formation of large clusters appears to be characteristic for ATL cells and HTLV-I-positive T-cell lines, because many other leukemic cells and various leukemic cell lines that we tested do not make clusters in vitro, except for some Epstein-Barr virus (EBWtransfected B-cell lines, ie, JY and Ramos. ATL cells make conjugate formation within 6 minutes and clustering within 48 hours, both of which are inhibited by the addition of monoclonal antibodies (MoAbs) against LFA-1 and CAM-1; (4) spontaneous mRNA transcription and protein secretion of both interleukin-l and parathyroid hormone-related protein are observed consistently in ATL cells, and these productions are inhibited by anti-LFA-l and anti-ICAM-1 MoAbs but are markedly increased by cross-linking of LFA-1 and ICAM-1 by the immobilized specific MoAbs; and (5) Proliferative responses of ATL cells are also inhibited by these MoAbs. We propose that ATL cells proliferate in sequential events: the homotypic and calcium-dependent adhesion through LFA-l/ICAM-l, the signal transduction through these adhesion molecules, the production of cytokines, and the proliferation. It has been recently shown that adhesion molecules regulate not only T-cell adhesionz5-" but also many T-cell functions such as activation, proliferation, and cytokine producti~n.'~,'~ T cells express P1 and p2 integrins, which function in a calcium-dependent manner.30 We have thus hypothesized that adhesion molecules might be involved in homotypic adhesion, cytokine production, and proliferation in ATL cells.
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In this communication, we observe that ATL cells and HTLV-I-positive T-cell lines express moderate or high levels of intracellular adhesion molecule-l (ICAM-1) and that they homotypically adhere and conjugate, clustering via the leukocyte function-associated antigen-l (LFA-1)ACAM-1 pathway in a calcium-dependent manner. Furthermore, LFA-1ACAM-1 -dependent homotypic adhesion or antibody cross-linking of either LFA-1 or ICAM-1 dramatically induces mRNA levels of IL-1P and PTHrP on the ATL cells and augments the proliferation of the ATL cells, suggesting that the homotypic adhesion is the initial and essential step Immobilization of MoAbs. Ten micrograms per milliliter of MoAbs suspended in phosphate-buffered saline (PBS) was immobilized on 24-well culture plates or IO-cm diameter plastic dishes for 24 hours at 4°C. After the dishes or plates were washed by PBS for three times, these were used as MoAb-immobilized dishes and plates.
Flow cytometric analysis. The following steps were all performed on ice. Prepared cells (2 X 105/mL) were washed twice in fluorescence-activated cell sorter (FACS) media (Hank's Balanced Salt Solution [HBSS] without calcium and magnesium with 0.5% human serum albumin and 0.1% NaN,). The cells were incubated for 10 minutes with 10 pL of human serum globulin (1 mg/mL; Green Cross, Osaka, Japan) and further incubated with specific MoAb at saturating concentration for mouse antibodies for 30 minutes. After washing, fluorescein isothiocyanate (FITC)-conjugated goat antimouse IgG antibodies were added and incubated for 30 minutes. The cells were again washed and incubated with irrelevant MoAb for 15 minutes, and further incubated with phycoerythrin (PE)-conjugated CD4 MoAb for 30 minutes. The cells were washed and were analyzed using a FACScan (Becton Dickinson, Mountain View, CA).
Conjugation assay. Formation of conjugates was measured using a two-color flow cytometer generally as de~cribed.~' Briefly, ATL cells were divided into effector cells and target cells for conjugate formations. Effectors and targets were identical populations. Suspensions of effector cells labeled with sulfofluorescein diacetate to fluorescence green and of target cells labeled with hydroethidine to fluorescence red were mixed at a 4: 1 ratio and were allowed to settle for I hour at 4°C in tubes. The tubes were then incubated at 37°C for 6 minutes and vortexed, and the contents were transferred into media at 4°C. Conjugates were enumerated as a percentage of targets in conjugates. Because 10,000 events were analyzed, the counting errors are less than 2% and differences between samples of 2% to 3% conjugates are generally reproducible. In all experiments, the background due to coincident detection of red and green cells in a cell mix lacking conjugate (ie, an effector to target mix analyzed immediately after mixing in suspension) was determined, and this background was subtracted from experimental values, which normally range from 2% to 5%. In assays of MoAb inhibition, saturating concentration of MoAb and human intact globulin to block Fcbinding sites were added before settling and were present continuously thereafter.
Measurement of IL-Ip using enzyme-linked immunosorbent assay (ELISA) and c-PTHrP using radioimmunoassay (RIA) on supernatants. Freshly isolated ATL cells (5 X 106/mL) and cell lines (1 x 106/mL) were cultured in MoAb-immobilized or nonimmobilized 24-well culture plates (1 mL per well) in RPM11640 medium containing 8% FCS. After culture for 48 hours in the presence or absence of soluble MoAbs (10 pg/mL) with intact human globulin (10 pLgl mL), the culture supernatants were collected by centrifugation for determination of secreted IL-10 and c-terminal region of PTHrP. IL-Ip in the culture supernatants was measured using an IL-10 ELISA kit (Otsuka Pharmacential CO Ltd, Tokushima, Japan) and c-terminal region (109-141) of PTHrP was measured using a cPTHrP RIA kit (Daiichi Isotope CO Ltd. Tokyo, Japan). The sensitivity of these assays is 0.5 pg/mL of IL-Ip and 5 pmol/L of c-PTHrP, respectively.
Northern blot analysis. Freshly isolated ATL cells ( 1 X lo7/ mL) and cell lines (2 X 106/mL) were cultured in MoAb-immobilized or nonimmobilized culture dishes (4 mL per dish) in RPM11640 medium containing 8% FCS. In the nonimmobilized dishes, 1 pg/ lo5 cells of human intact globulin and soluble MoAbs (1 pg/lo' cells) was added to the medium. After 4 hours of incubation, the cells were collected by centrifugation and the total RNA (20 pg) was electrophoresed in 1 % agarose-formaldehyde gel and transferred to Hybond-N nilon filters (Amersham, Arlington Heights, IL). Hy- --
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; l?%.; L -P P = g bridization was performed with human IL-la and IL-IP cDNA (which were kindly provided by Dr Philip E. Auron, Harvard Medical School, Center for Blood Research, Brookline, MA), human PTHrP cDNA (which was provided by K. Sato, Tokyo Women's Medical College, Department of Endocrinology, Tokyo, Japan)," and P-actin cDNA as an internal control (which was provided by Dr L. Kedes, Stanford University, Palo Alto, CA)'9 labeled with "P using a Multiprime DNA labeling system and [a3*P]-dCTP (both purchased from Amersham). After washing, the filter membrane was exposed to an x-ray film at -80°C with an intensifying screen.
Proliferative response. Freshly isolated cells (1 X I06/mL) and cell lines (2 X IO'lmL) were cultured in a 96-well flat-bottomed microplate in either the presence or absence of MoAbs (0.1 or 1 pg/ mL) in 200 pL of RPM11640 medium containing 8% FCS and 10 pL of human intact globulin (10 pg/mL) to block Fc binding sites in triplicate for 24 hours. The cells were pulsed with 0.5 pCi of tritiated thymidine (13H]-TdR; specific activity, 5 Ci/mmol/I,; the Radiochemical Center, Amersham, Buckinghamshire, UK) for the last 6 hours. ['HI-TdR incorporation was measured by a liquid scintillation counter (Aloka, Tokyo, Japan) after harvesting the cells with a cell harvester (Abekagaku CO, Funabashi, Japan). The viability of the cells after 24 hours of treatment was measured using the trypan blue exclusion test.
RESULTS

Calcium-dependent homotypic cell adhesion of ATL cells.
One of the most characteristic features of ATL cells is a rapid cluster formation by in vitro culture (Fig 1) . We initially assessed the effect of calcium concentration in media on the homotypic adhesion of ATL cells and HTLV-I-infected T-cell lines MT-2, HUT102, SALT-3, and MT-I. All the ATL cells and cell lines except MT-I generated clustering in a calcium concentration-dependent manner and the maximum formation was observed at 4 mmol/L total calcium (a level sometimes found in the patients), whereas normal PHAPMA T cells and HTLV-I carrier T cells did not show the cluster formation at a calcium concentration of more than 2 mmol/L. Jurkat and MOLT-4 cell lines did not form clustering at any calcium concentration. The clustering formations of all the cells used were inhibited by the addition of EDTA (see Fig 3) .
Increased expression of ICAM-I on ATL cells using jlow cytometric analysis. To assess which cell surface adhesion molecule is involved in the calcium-dependent homotypic adhesion of ATL cells, we performed two-color flow cytometric analysis with several MoAbs using CD4' freshly isolated ATL cells, HTLV-I-positive T-cell lines, PB T cells pretreated or not with PHAPMA from healthy donors, and HTLV-I carrier T cells shown in Table I . Among the MoAbs that were tested, a dramatic difference between all the ATL cellskell lines, except for MT-l and normal PB T cells, was observed in ICAM-I (CD54) and IL-2Ra chain (CD25) expression. They were highly expressed on all the freshly isolated ATL cells ( P < .05) and HTLV-I-infected T-cell lines ( P < .05) compared with normal CD4' PB T cells. MT-1, an HTLV-I-positive T-cell line, did not express ICAM-I well but did express CD25. The expression of integrin a L (LFA-la chain, CD1 la), which is a counter-receptor for ICAM-1, of LFA-3(CD58), and of CD44 on fresh ATL cells is comparable to that of normal PB T cells. Interestingly, NKI-L16, which is an MoAb against functionally activated LFA-I, was highly expressed on the freshly isolated ATL cells, MT-2, and MT-I compared with normal PB T cells, PHAPMA T cells, and HTLV-I camer T cells. On the other hand, integrin a4 (VLA4-a chain, CD49d; P < .05) and integrin 81 were rather weaker or reduced on ATL cells than on normal PB T cells.
Adhesion molecules involved in homotypic adhesion qf ATL cells. MoAbs against a variety of cell surface adhesion molecules were tested for their ability to inhibit homotypic adhesion at the either very early phase conjugate formation (Fig 2) or late phase clustering formation (Fig 3) For
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LFA-la MoAbs always completely inhibited the calciumdependent cluster formations of ATL cells and the cell lines (Fig 3) . None of the MoAbs against LFA-3, CD25, and CD44, which are highly expressed on ATL cells and HTLV-I-positive T-cell lines, reduced the clustering, although they did partially inhibit the clustering of normal PHAPMA T cells. The remainder of the analysis will focus on the inhibition of homotypic adhesion by MoAbs against LFA-1 and ICAM-1 with pretreatment with intact human gammaglobulin.
Immobilized LFA-I and ICAM-1 MoAbs induced IL-l mRNA expression and IL-I production. It has been reported that freshly isolated ATL cells and cell lines produce multiple cytokines. We have also reported that ATL cells produce 1L-l in a calcium-dependent manner. 23 We assessed whether homotypic adhesion through LFA-UICAM-l is involved in IL-1 production on ATL cells. We examined IL-1 mRNA expression by ATL cells in the presence of LFA-1, ICAM-1, or control MoAbs using Northern blot analysis in 9 of 10 cases of ATL cells (except case no. 6) and HTLV-I T-cell lines. When soluble MoAb against LFA-I or ICAM-1 was added to the culture, IL-la and IL-10 mRNA expression was markedly reduced, whereas anti-LFA-3 and CD25 MoAb did not suppress expression significantly (Fig 4Aa  and Ba) . We also examined IL-10 secretion from freshly isolated ATL cells after the addition of soluble MoAb against LFA-la or ICAM-1. IL-10 secretion was significantly reduced in all of the 3 cases tested (nos. 3, 4, and 7; data not shown). Contrarily, when LFA-1 or ICAM-I molecule on ATL cells was cross-linked by immobilized MoAb against LFA-I or ICAM-1, IL-10 mRNA expression on freshly isolated ATL cells and IL-la mRNA on MT-2 cells were dramatically enhanced. Immobilized MoAb against LFA-3 and CD25 did not enhance them significantly (Fig 4 Ab and Bb). When ATL cells and ATL cell lines were added to the anti-ICAM-1/LFA-1 MoAb-immobilized dish, they adhered to the dish with cluster formation. We subsequently measured IL-10 secretion from freshly isolated ATL cells using an ELISA system. As shown in Fig 5A, immobilized MoAbs against LFA-la and/or ICAM-I strongly amplified IL-10 secretion in all the cases of fresh ATL cells by the culture for 48 hours. Control immobilized MoAbs, LFA3, VLA-4, and CD25 had no or scarce effects on IL-1 secretion. Of note is that immobilized or cross-linked LFA-la MoAb tended to be the most potent activator for IL-1 mRNA expression and the protein production.
Immobilized LFA-I and ICAM-I MoAbs induced PTHrP mRNA expression and PTHrP production. Hypercalcemia in ATL is thought to be mainly caused by highly produced PTHrP as well as IL-1, which is a strong bone-resorbing factor. We tested the effect of the LFA-l/ICAM-1 pathway on PTHrP production from ATL cells and cell lines. On the HTLV-I-positive T-cell line MT-2, when soluble MoAb against LFA-1 or ICAM-I was added to the culture, PTHrP mRNA expression was also markedly reduced (Fig 4Ca) . Contrarily, immobilized LFA-1 or ICAM-1 MoAb augmented the PTHrP mRNA expression, whereas MoAb against LFA-3 and CD25 did not (Fig 4Cb) . As shown in Fig 5B, immobilized MoAb against LFA-la or ICAM-l strongly amplified PTHrP secretion in all the cases of freshly isolated ATL cells by the culture for 48 hours. We also examined PTHrP secretion from freshly isolated ATL cells after the addition of soluble MoAb against LFA-la or ICAM-I. PTHrP secretion was significantly reduced in all of the three cases tested (nos. 3, 4, and 7; data not shown).
Effects of MoAbs to adhesion molecules on cell proliferations. Finally, we studied the effects of MoAbs against ICAM-I, LFA-la, LFA-3, CD25, and CD44 on ATL cell proliferation. Although the ATL cells of all 10 cases were tested, only 5 of the cases (no. 
DISCUSSION
The rapid and nodular infiltration of ATL cells into several tissues and secondary lymphoid organs and a subsequent rapid increase in the number of peripheral ATL cells and high incidence of hypercalcemia are the most characteristic features of acute type of ATL and often lead to the severe prognosis.' In vitro homotypic cell adhesion and cluster formation are the specific characteristics for freshly isolated ATL cells and HTLV-I-infected T-cell lines. As shown in Fig 1, their cluster formation is observed in a calcium-dependent manner at 4 mmoyL, which is two times higher than the normal serum total calcium level (2.12 to 2.55 mmo1L) but is often experienced in ATL patients. We have already reported that ATL cells proliferate well in a higher calcium concentration in vitro." Here, ATL cells of each case spontaneously proliferate in proportion to their cluster formation. However, PHA/PMA T cells neither make cluster formation nor proliferate at higher than 2 mmoVL calcium.*" Thus, calcium-dependent cluster formation and proliferation appears to be characteristics of ATL cells. The difference of cluster formation between ATL cells and PHAPMA T cells at a higher calcium level may be caused by modification of intracellular function induced by tax protein encoded by the pX region of the HTLV-I genome. For example, calpain and calpastatin, which are the potent calcium-dependent proteinase and its inhibitor that can modulate protein kinase and cell fine structure, were transactivated by tax gene of HTLV-I.4nA' Alternatively, LFA-1 possesses three cation-binding sites and its binding to the ligand is completely dependent on calcium concentration in media," supporting our observation that fresh ATL cells and ATL cell lines make calcium-dependent homotypic adhesion through the LFA-IACAM-I pathway.
We assumed that homotypic clustering of ATL cells would be associated with high levels of certain adhesion molecules. Phenotypic analysis of fresh ATL cells and ATL cell lines indicated that many adhesion molecules that belong to the integrin family,2'.2s.26 such as a4, 01 integrin, and CD2, were rather weakly expressed and that only LFA-I (a&) and LFA-3 preserved their expression on the ATL cells compared with CD4+ normal PBL T cells. Of interest is that the expression of active form of LFA-1 was increased on ATL cells, suggesting that LFA-1 on ATL cells is already activated to be able to adhere to its ligand ICAM-1. Actually, all of the ATL cells of the 5 cases that had significant spontaneous proliferation show high expression of NKI-L16 on the cell surface, although it is unknown why fresh ATL cells have constitutional activation of LFA-I molecules (Table 1) .
ICAM-1, the ligand for LFA-1 , was moderately or highly sialyl Lewis' and VCAM-INLA-4 pathway, but not the LFA-I/ICAM-I pathway, play an important role on ATL cell adhesion to IL-l -activated human umbilical vein endothelial cells as a model of migration of ATL Thus, ICAM-I on ATL cells may not be involved in extravasation. Second, ATL cells can induce the proliferation of resting autologous T cells by the cognate adhesion through ICAM-1 on ATL cells and LFA-I on T cells.Jh Therefore, cellular adhesion through ICAM-I may be related to resting T-cell proliferation. Third, we assessed the mechanism of homotypic adhesion of ATL cells in two phases. ie, an early phase homotypic conjugation at 6 minutes after the culture and a late phase homotypic cluster formation at 48 hours. Our results indicate that anti-LFA-I/ICAM-I MoAbs dominantly inhibited ATL cell conjugation and cluster formation, whereas all the MoAbs against adhesion molecules comparably but slightly reduced the cluster formation of PHAIPMA T cells. Thus, the significance of consistently high expression of ICAM-I on the ATL cells involves the homotypic adhesion of ATL cells through LFA-I/ICAM-I pathway in tissue. Actually. ATL cells frequently proliferate. making nodular formations in tissue. However. our results showed that ATL cell proliferation was more correlated with the degree of active form LFA-I expression than with ICAM-I expression. suggesting that LFA-I activation might be more important than ICAM-I expression on ATL cell proliferation.
Of note is that immobilized MoAb against LFA-I or ICAM-1 and cross-linking of LFA-1 or ICAM-1 through Fcreceptors such as CD16, CD32, or CD64. which are highly expressed on fresh ATL cells (data not shown). induced both It is noteworthy that IL-l and PTHrP are representative bone-resorbing factors, suggesting that adhesion-induced secretion of these factors play an important role in the induction of hypercalcemia by bone resorption, which serves an appropriate environment for calcium-dependent proliferation and cytokine production of ATL cells. Thus, homotypic adhesion of ATL cells through LFA-l/ICAM-I appears to be an initial and critical event that transduces multiple signals and modulates cellular functions.
Considering these results, we propose the concept of the combinatorial sequence of multiple phenomena in ATL cell nodular proliferation in multiple tissue and hypercalcemia, ie, high expression of ICAM-1 possibly induced by HTLV-I tax gene, the homotypic and calcium-dependent adhesion through activated LFA-IDCAM-I that is the initial and critical step for the subsequent events, the signal transduction from these adhesion molecules, the production of multiple bone-resorbing cytokines such as 1L-l and PTHrP, and proliferation of ATL cells.
